In the present study, a series of four different scaffolds were comparatively evaluated in a goat calvarial critical size defect model. Such studies are only rarely reported in the literature. In our work, E1001(1k), a member of a large combinational library of tyrosine-derived polycarbonates (TyrPC), was used to prepare two calcium phosphate hybrid, biodegradable bone scaffolds. In one formulation, the widely used β-tricalcium phosphate (β-TCP) was incorporated into the polymer scaffold. In the second formulation, a coating of dicalcium phosphate dihydrate (DCPD, also known as brushite) was used as the mineral phase. These scaffolds were evaluated for bone regeneration in goat calvarial 20-mm critical size defects (CSD) after 16 weeks. Results were compared with chronOS (a clinically used product) and E1001(1k)/β-TCP scaffolds, augmented with 400 μg of recombinant human bone morphogenetic protein-2 (rhBMP-2). Microcomputed tomography (micro-CT) and histomorphometry were used to assess bone regeneration within the defects. Histomorphometry showed that rhBMP-2-augmented E1001(1k)/β-TCP scaffolds completely healed the defect in all animals within 16 weeks. Among the hybrid scaffolds that were not augmented with rhBMP-2, the degree of bone regeneration within the defect area was low for the clinically used chronOS, which is a poly(lactide co-εcaprolactone)/β-TCP hybrid scaffold. Similar results were obtained for E1001(1k)/β-TCP scaffolds, indicating that replacing poly(lactide co-ε-caprolactone) with E1001(1k) does not improve bone regeneration is this model. However, a statistically significant improvement of bone regeneration was observed for E1001(1k)/DCPD scaffolds. These scaffolds resulted in significant levels of bone regeneration in all animals and in complete bridging of the defect in three of six tests. This is the first report of a synthetic bone scaffold being able to heal a critical size calvarial defect in a large animal model without the addition of exogenous growth factors.
Introduction
Trauma, cancer, and congenital abnormalities can lead to critical size bone defects that are difficult to treat [1, 2] . The most successful treatment option is an autograft (vascularized bone from the patient) [1, 3] . However, the use of autologous bone has well-known limitations, such as donor site morbidity, increased surgery time, and limited availability [1, 4] . Due to these limitations, intense research efforts in academic laboratories and in industry are underway to develop synthetic regenerative bone scaffolds that can effectively treat large critical size bone defects.
The search for bone regenerative scaffolds that perform as well as autograft is not new. A vast amount of literature describes the performance of scaffolds based on in vitro and in vivo studies using a variety of ceramic materials, polymeric materials, and combinations of polymers with ceramics [5] . Most commonly, candidate bone scaffolds are tested in small animal models (mouse, rat, rabbit) and show variable degrees of bone regeneration. However, we found no prior reports of reproducible and robust regeneration of bone within large critical-size calvarial defects in the goat in the absence of exogenously added growth factors.
The most widely used growth factor is recombinant human BMP-2 (rhBMP-2). However, this is not an optimal solution. In a clinical setting, rhBMP-2 is only approved by the FDA for a limited number of indications, and side effects from off-label use have been reported [6] .
Since calcium phosphates (CaPs) are generally considered osteoconductive, they have been widely investigated as composites, in combination with biodegradable polymers [1, 7] . The largest number of scientific publications report on hydroxyapatite (HA) and beta tri-calcium phosphate (β-TCP). These CaPs promote new bone growth through enhanced biocompatibility [8, 9] , osteoconductivity, and osteointegration [8, 10] . In contrast, our group has focused on dicalcium phosphate dihydrate (DCDP or brushite), which is one of the precursors of biological apatite present in bone and tooth [11, 12] . Contrary to HA or β-TCP, DCPD is a metastable CaP phase at physiological conditions. Therefore, it has high solubility and resorbs faster than β-TCP and much faster than sintered HA [13, 14] . DCPD is widely used in hydraulic calcium phosphate cements and coatings for metallic implants, dating back to the 1990s [15, 16] .
CaPs are commonly blended with polymer to produce composite scaffolds. chronOS and the E1001(1k)/β-TCP scaffolds were prepared in this fashion. However, this approach produces composite scaffolds in which the CaP phase is embedded within the polymer and only partially exposed at the surface. This reduces the rate of CaP dissolution and its ability to interact with cells that migrate into the scaffold. Consequently, only marginal bone regeneration is typically observed in large CSDs, and substantial amounts of osteogenic growth factors such as recombinant human bone morphogenetic protein-2 (rhBMP-2) are required to achieve significant bone regeneration within the scaffold. Recently, biomimetic coating methods based on immersion in simulated body fluid [17] [18] [19] or the alternate soaking process [20, 21] have been utilized to deposit a layer of calcium phosphate minerals on the surface of porous scaffolds [17, 22] .
Our group has developed an E1001(1k) scaffold produced by porogen leaching combined with freeze-drying for bone regeneration [9, 23, 24] . E1001(1k) is a member of a large combinatorial library of tyrosine-derived polycarbonates (TyrPC) whose properties can be tailored for different tissue engineering applications by small variations in the polymer composition [24, 25] . E1001(1k) scaffolds have demonstrated favorable pore size, porosity, and interconnectivity for permitting in vivo bone and vascular ingrowth in rabbit calvarial defect models [9, 24, 26] .
The objective of this study was to explore the bone regeneration potential of E1001(1k) scaffolds containing two different CaP mineral phases in the goat calvarial 20-mm CSD model in comparison with a clinically used product. Two types of E1001(1k)-based scaffolds were evaluated: (i) E1001(1k) scaffolds fabricated as a bulk composite with β-TCP (abbreviated as E1001(1k)/β-TCP scaffolds) and (ii) E1001(1k) scaffolds coated with DCPD (abbreviated as E1001(1k)/DCPD scaffolds). The bone regeneration potential of those scaffolds was compared with (i) chronOS, a commercially available bone graft substitute made of poly(lactide co-ε-caprolactone) and β-TCP, and (ii) E1001(1k)/β-TCP supplemented with 400 μg of rhBMP-2 per scaffold. To the best of our knowledge, this study is the first comparative report of several CaP/polymer hybrid scaffolds in a clinically predictive, large animal model.
Materials and Methods

Materials
Sodium chloride (NaCl), calcium chloride (CaCl 2 ), and potassium phosphate dibasic trihydrate (K 2 HPO 4 ·3H 2 O) were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). The NaCl particles were sieved to select particles with sizes in the range of 212-425 μm and used as a porogen in scaffold fabrication. β-TCP (100 nm) powders were purchased from Berkeley Advanced Biomaterials, Inc. (Berkeley, CA). 1,4-Dioxane was obtained from Fischer Scientific (Pittsburgh, PA). Poly(DTE-co-10 mol% DT-co-1 mol% PEG 1k carbonate), abbreviated E1001(1k), was synthesized according to published procedures [24] at the New Jersey Center for Biomat erials (Piscataway, N J). DTE stands for desaminotyrosyl tyrosine ethyl ester, DT for desaminotyrosyl tyrosine, and PEG 1k for poly(ethylene glycol) with a number average molecular weight of 1 kDa. chronOS was obtained from DePuy Synthes (West Chester, PA). rhBMP-2 was purchased from Wyeth-Genetics Institute, Inc. (Cambridge, MA).
Scaffold Fabrication
E1001(1k)/β-TCP scaffolds were prepared by a minor modification to our previously published salt leaching and freezedrying method [9, 23] . Briefly, 12.2 g E1001(1k) polymer was dissolved in 8.54 ml deionized (DI) water and 52.46 ml 1,4dioxane overnight. The polymer solution was uniformly mixed with 109.8 g NaCl and 12.2 g β-TCP powder using an overhead mixer (EuroStar Power Control Visc Stirrer, IKA Works, Inc., Wilmington, NC) at 500 rpm for 10 min. The mixture was then poured into two Teflon molds (60 mm in diameter × 20 mm in height). The samples were frozen at − 50°C for 6 h and freeze-dried at 0°C for 24 h and at 20°C for another 24 h using a computer-controlled large-scale lyophilizer (LD85, Millrock Technology, Kinston, NY). After drying, disk-shaped scaffolds (20 mm in diameter) were punched out from the molds using a round, tubular puncher. The salt particles were completely removed by washing the scaffolds in distilled water. Then, the scaffolds were placed into a 6mm-deep stainless steel holder. This facilitated the removal of the nonporous skins from the bottom and top of the scaffold with a razor blade, resulting in uniformly sized scaffolds with final dimensions of 20 mm diameter × 6 mm height. Finally, the scaffolds were dried in a lyophilizer at room temperature for 24 h. E1001(1k)/DCPD scaffolds were prepared by coating E1001(1k) scaffolds with DCPD minerals using a modified alternate soaking process. Briefly, E1001(1k) scaffolds were first prepared using the salt leaching and freeze-drying process without β-TCP described above. Each E1001(1k) scaffold was placed into a separate well of a soaking chamber (16 wells per chamber) and immersed in 20 ml of 0.25 M CaCl 2 solution (pH = 6). Vacuum (up to 30 inHg) was applied to the chamber for 1 min, followed by the rapid release to atmospheric pressure; this step was repeated five times to completely wet the scaffolds with CaCl 2 solution. Then, the scaffolds were removed from the CaCl 2 solution and pat-dried with a paper towel to remove excess solution on the scaffold surface. The scaffolds were then transferred to 0.25 M K 2 HPO 4 ·3H 2 O solution (pH = 6), and the same vacuum and atmospheric pressure cycles were used to force the phosphate solution into the interior of the 3D scaffolds to react with the CaCl 2 to form calcium phosphate. The scaffolds were alternated in calcium (Ca) and phosphate (P) solutions until 50% calcium phosphate by weight was obtained. The solutions were refreshed after every 5 cycles. Finally, scaffolds were dried in a lyophilizer for 24 h.
Scaffold Characterization
Samples of the freeze-dried scaffolds were cut using a razor blade and sputter coated with gold/palladium (30 mA, 2 min, SCD 004 sputter coater). The scaffold morphology and microstructure were observed using a scanning electron microscope (SEM, AMRAY-1830I) at an acceleration potential of 20 kV.
X-ray diffraction (XRD) patterns of scaffolds were obtained using a Philips X'Pert X-ray diffractometer operating at 40 kV and 40 mA (Cu-Kα radiation: λ = 1.5406). The scaffolds were scanned from 5°to 90°with a step size of 0.02°and scan step time of 1 s. The X-ray diffractogram was analyzed using PANalytical HighScore Plus software and compared with the standard library of known diffraction patterns, International Centre for Diffraction Data (ICDD), to identify the phase of the calcium phosphate present in the scaffolds. The percent of Ca and P (by weight) incorporated into the scaffolds was determined via elemental analysis using inductively coupled plasma optical emission spectrometry (ICP-OES, Intertek). The Ca-to-P ratio was calculated. Analysis was done in triplicate.
The porosity of the scaffolds was determined using a helium pycnometer (Porous Material, Inc). Brunauer-Emmett-Teller (BET) specific surface area of the scaffolds was determined using BET Sorptometer (Porous Material, Inc.). Scaffolds prior to implantation were also scanned in an eXplore Locus microcomputed tomography (micro-CT, GE Healthcare) at a voxel resolution of 20 μm, voltage of 80 kVp, and current of 150 mA. Three-dimensional images of the scaffolds were reconstructed from the scans by the micro-CT system software package. The total porosity, total pore volume, and largest pore volume were obtained.
The compressive elastic moduli of scaffolds were measured using ReNew MTS Systems 4 (crosshead speed of 0.5 mm/min and a load cell of 100 N). To more accurately mimic the mechanical properties of scaffolds in vivo, the scaffolds were pre-wet in phosphate-buffered saline (PBS) overnight and the mechanical tests were carried out in PBS at 37°C. The data was collected and analyzed using TestWork 4 (Ver.4.11C; MTS Systems).
The molecular weight of the scaffolds was determined using gel permeation chromatography (GPC) relative to polystyrene standards following a published procedure [24] .
Scaffold Sterilization
The scaffolds were sterilized using ethylene oxide (EtO) at Johnson & Johnson Sterility Assurance Group (Raritan, NJ). Scaffolds before and after sterilization were characterized according to the "Scaffold Characterization" section in triplicate.
Goat Calvarial Surgery and Necropsy
The Institutional Animal Care and Use Committee (IACUC) at Allegheny Singer Research Institute (Pittsburgh, PA) and the Department of Defense United States Army Medical Research and Materiel Command Animal Care and Use Review Office (ACURO) approved all surgical procedures involving animals. Proper handling, housing, care, and standard caprine food was given to the animals according to the guidelines posted by Allegheny Singer Research Institute's IACUC, the Animal Welfare Act, and the National Research Council.
Adult skeletally mature Boer Cross female goats weighting 36-57 kg were used for the study. A randomized experiment was conducted to determine the effect of scaffold composition on healing in a critical sized calvarial defect (CSD, 20-mm diameter). Animals were anesthetized with an intravenous injection of propofol, and anesthetic maintenance was performed through inhalation of isoflurane gas. A 7-cm incision was made through the skin, and the periosteum was removed using Bovie electrocautery pen. A 20-mm calvarial defect ( Fig. 1 ) was created along the sagittal suture just slightly posterior to the intersection of the coronal suture using a surgical trephine with copious physiological saline for irrigation. The dura was kept intact. One scaffold per craniotomy per goat was then randomly inserted (press fit). The treatment groups (Table 1 ) are (1) E1001(1k)/β-TCP scaffolds, (2) E1001(1k)/ DCPD scaffolds, (3) E1001(1k)/β-TCP scaffolds + 400 μg rhBMP-2, and (4) chronOS. For scaffolds containing rhBMP-2, 200-μg rhBMP-2 in 325 μl of PBS was delivered dropwise via micropipette and dried in the biological safety cabinet (BSC) for 2 h. The scaffold was then turned over, and the second aliquot of 200-μg rhBMP-2 in 325 μl of PBS was applied on the other side of the scaffold. After drying for an additional 2 h in the BSC, the scaffold was ready for implantation. Due to the high porosity of the scaffold, the BMP solution rapidly infiltrated into the pores of the scaffold and penetrated the scaffold throughout its entire pore volume. Following insertion of the scaffold into the defect, deep tissue, including musculature, was closed with inverted resorbable sutures, and the skin was closed with a non-resorbable running/lock-stitch suture. Once the animals were upright and ambulatory, they were returned to the animal housing facility for the remainder of the study (16 weeks in life). At 16 weeks post-implantation, goats were euthanized humanely. The samples were explanted with the surrounding bone and grossly examined for signs of infection, inflammation, and bone resorption. The bone blocks were fixed in 10% neutralbuffered formalin and prepared for micro-CT and histological analyses.
Microcomputed Tomography X-ray projections of the explants were collected using an eXplore Locus micro-CT (GE Healthcare) according to a published procedure (80 kVp; 500 mA, 30 min/sample, and 20 μm voxel resolution) [9] . Three-dimensional construction of the projection images was performed on a 4PC Unix Cluster (8 GB RAM,~60 min to reconstruct each volume) using a modified tent-FDK cone beam algorithm. The images were segmented using predefined Hounsfield unit thresholds (calcium phosphate, cortical bone, trabecular/woven bone, and scaffold content > 3000, 2000-3000, 750-2000, and 300-750, respectively), and a 3D histomorphometric analysis was performed using MATLAB. The new bone volume (BV) and bone mineral density (BMD) were calculated. BV was normalized to total volume (TV) within the region of interest (ROI), as an indicator of the relative amount of newly formed bone. 
Histology and Histomorphometry
The specimens were dehydrated in ascending concentration of ethanol from 50 to 100%, infiltrated with a clearing agent, then embedded in polymethylmethacrylate (PMMA). The PMMA blocks were mounted to Exakt plastic slides and cut off to render approximately 200-μm-thick sections with an Exakt 300 CP Band System, then ground to approximately 110 μm with an Exakt 400CS Grinding System, and finally polished to a 1-μm surface finish using a Buehler Handimet until reaching 100 ± 5 μm thickness. Plane sections cut at 45°f rom the sagittal suture through the center of the defects were stained with Stevenel's Blue and counterstained with van Gieson's picrofuchsin, which stains bone red and nonmineralized structures various shades of blue. Gigapixel images of the whole cross sections were obtained. An AOI was delineated, and the percentage area of new bone was calculated in relation to the total AOI. The linear distance of new bone ingrowth from the defect margins was measured and divided by the defect length to calculate linear ingrowth percentage (LI), an indicator of the spatial pattern of bone ingrowth.
Statistics
Statistical analyses were performed using single factor analysis of variance (ANOVA) followed by a multiple comparison post hoc test (Tukey-Kramer method) with a significance level established as p ≤ 0.05. All statistical analyses were carried out using GraphPad Prism 6 software package. All data were reported as mean ± standard deviation (SD).
Results
Scaffold Preparation and Characterization
The average dimensions of E1001(1k)-based scaffolds were 20.2 ± 0.1 mm (diameter) × 5.8 ± 0.1 mm (height), and the average mass was 359 ± 18 mg (n = 60). The microstructure of the scaffolds was analyzed using SEM ( Fig. 2a ). Both E1001(1k)-based scaffolds displayed a highly porous and interconnected structure with macropores ranging from 200 to 400 μm (top row of Fig. 2a ). In addition, micropores with diameters less than 20 μm were observed within the walls of the macropores. Images at higher magnification (bottom row of Fig. 2a) show the detailed surface topography of the macropore walls. For E1001(1k)/β-TCP scaffolds, small particles were uniformly dispersed throughout the polymer matrix, and some particles were embedded within the matrix. For E1001(1k)/DCPD scaffolds, large plate-like crystals were exposed on the polymer surface and occupied some space within the macropores. In contrast, chronOS appeared relatively less porous, and the β-TCP particles appeared to be largely covered by the polymer. Figure 2b shows XRD scans of CaP-containing scaffolds. The scans of E1001(1k)/β-TCP scaffold and chronOS displayed characteristic peaks at 27.8°, 31.0°, and 34.4°, indicating the presence of β-TCP. Although chronOS contains a higher amount of β-TCP than E1001(1k)/β-TCP scaffolds (70 vs. 50 wt%, respectively), the characteristic peaks for β-TCP were at a lower intensity. This is likely due to the coverage of β-TCP particles by the polymer during the fabrication process of chronOS and is consistent with the SEM image ( Fig. 2a ). The XRD scans of E1001(1k)/DCPD scaffolds showed peaks at 11.7°, 20.9°, and 29.3°, which are characteristics of DCPD (ICDD #01-072-0713). The identity of the different calcium phosphates was further confirmed by the calcium-to-phosphate ratio measured from elemental analysis using inductively coupled plasma optical emission spectrometry. The Ca-to-P ratios of E1001(1k)/β-TCP scaffolds and chronOS were 1.57 ± 0.05 and 1.46 ± 0.02, respectively, which agrees with the theoretical value of 1.50 for β-TCP. The Ca-to-P ratio of E1001(1k)/DCPD scaffolds was 1.07 ± 0.01, corresponding to the expected theoretical value of 1.00 for DCPD.
Next, we characterized several scaffold properties. We also examined whether our sterilization protocol influences scaffold properties by recording results before and after sterilization for the E1001(1k) scaffolds. Helium pyconometry measurements showed that the high overall porosity of E1001(1k)-based scaffolds was not diminished by the presence of the CaP minerals. Our results also showed that the E1001(1k)-based scaffolds were about 1.8 times more porous than chronOS (90% vs. 50%, respectively) ( Fig. 3a) . In addition, BET specific surface area (SSA) measurements showed that E1001(1k)-based scaffolds had a SSA of 0.22-0.35 m 2 /g, which was five times higher than that of chronOS (0.071 m 2 / g) (Fig. 3b) . The high SSA of E1001(1k)-based scaffolds may be attributed to the large quantity of micropores present on the scaffolds' pore walls, as shown in the SEM images of Fig. 2a . Moreover, E1001(1k)-based scaffolds demonstrated a slightly higher, although not statistically significant, compressive elastic modulus than chronOS (Fig. 3c) . No significant effect of ethylene oxide (EtO) sterilization on scaffold porosity, BET SSA, compressive elastic modulus, and polymer molecular weight was measured ( Fig. 3 ). In addition, no change in scaffold morphology and CaP phase was observed, suggesting that exposure to EtO gas is a suitable sterilization method for E1001(1k)-based scaffolds. Micro-CT was used to generate 2D slices and 3D reconstructions of the scaffolds and showed that E1001(1k)-based scaffolds are highly porous with substantial interconnectivity (Fig. 4a, b) . The micro-CT data were also used to calculate porosity (table inset in Fig. 4 ). Based on these calculations, E1001(1k) scaffolds and chronOS have porosities of~40% and 30%, respectively, which was significantly lower than the values obtained using helium pyconometry. A possible explanation for the underestimation in porosity is that micro-CT has a limited voxel resolution (20 μm) which translates to an actual resolution of about 30 μm. Micro-CT could therefore not detect micropores less than about 20-30 μm. These pores were excluded from the reported overall porosity value. The micro-CT data was also used to determine the total pore volume and the largest pore volume. The largest pore volume was nearly equal to the total pore volume for all scaffolds, suggesting that all scaffolds had a very high degree of interconnectivity, where micro-CT recorded all of the interconnected pores as a single, very large pore (Fig. 4c ). The largest pore volume was over 99% of the total pore volume for E1001(1k)based scaffolds and chronOS, indicating that the majority of the pores were open. Blind or closed pores contributed less than 0.6% to the total pore volume.
Bone Regeneration in CSD Goat Calvaria
Ex Vivo Micro-CT Evaluation
Micro-CT 2D coronal and transverse images of the calvarial specimens obtained 16 weeks post-treatment are shown in Fig. 5a . A qualitative comparison of the defects treated with scaffolds without rhBMP-2 suggests that E1001(1k)/DCPD scaffolds promoted the highest amount of new bone formation. It is noteworthy that the regenerated bone had grown into the center of the defect in all animals and had completely bridged the defect in three of six test animals. In contrast, defects treated with chronOS and E1001(1k)/β-TCP scaffolds contained newly formed bone only along the margins of the defect (at the bone-implant interface). Defects treated with E1001(1k)/β-TCP scaffolds supplemented with 400 μg rhBMP-2 had significantly more new bone formation as compared with all treatments without rhBMP-2. These defects were completely filled with newly regenerated bone, and bridging of the defects was observed in all test animals. Unfortunately, the quantitative evaluation of the micro-CT images was difficult, due to the need to distinguish between the CaPs left behind in the scaffolds at 16 weeks post implantation and the calcium content of newly regenerated bone. Specifically, the quantitative analyses of bone volume and bone mineral density presented in Fig. 5b is most probably affected by small changes in micro-CT gating. We addressed this inherent ambiguity by evaluating all defects also by histomorphometry.
Ex Vivo Histology Evaluation
The histology sections were stained with Stevenel's Blue and counterstained with van Gieson's picrofuchsin (Fig. 6a ). Normal cellular infiltration and bone healing with no signs of inflammatory response were observed in all defects regardless of the treatment group. Of the defects treated with scaffolds without rhBMP-2, substantial bone formation through the center of the defect was observed only in defects treated with E1001(1k)/DCPD scaffolds. In contrast, marginal bone formation restricted to the implant-native bone interface was noted in defects treated with E1001(1k)/β-TCP scaffolds and chronOS. Defects treated with E1001(1k)/β-TCP scaffolds + rhBMP-2 had the most robust trabecular bone formation. In addition, it appears that bone regeneration originated from the dura side and extended toward the superior side of the defect. Histological examination of the defects also shows that E1001(1k)/DCPD scaffolds were almost completely degraded, whereas substantial fragments of β-TCP were still visible (as black objects) in defects treated with chronOS and E1001(1k)/β-TCP scaffolds.
The percent new bone area (Fig. 6b ) by treatment group was 23.7% for E1001(1k)/DCPD, 12.3% for E1001(1k)/β-TCP, 16 .1% for chronOS, and 27.8% for E1001(1k)/β-TCP + rhBMP-2. Defects treated with E1001(1k)/DCPD scaffolds had statistically significantly more new bone area than those treated with E1001(1k)/β-TCP scaffolds or chronOS. Defects Data are reported as the mean ± standard deviation for n = 6-7. The statistical analysis was done as described in the "Statistics" section. Asterisk (*) indicates a statistical significance difference with p < 0.05. Defects treated with E1001(1k)/β-TCP scaffolds supplemented with 400 μg rhBMP-2 have significantly higher BV/TV% values compared with those treated with E1001(1k)/β-TCP scaffolds (p = 0.0001), E1001(1k)/DCPD scaffolds (p = 0.0022), and chronOS (p < 0.0001); no significant difference was found between defects treated with E1001(1k)/ β-TCP scaffolds, E1001(1k)/DCPD scaffolds, and chronOS. The BMD of defects treated with E1001(1k)/β-TCP scaffolds supplemented with 400 μg rhBMP-2 is significantly higher than that of defects treated with E1001(1k)/β-TCP scaffolds (p = 0.0008), E1001(1k)/DCPD scaffolds (p = 0.006), and chronOS (p = 0.0007); no significant difference was found between defects treated with E1001(1k)/β-TCP scaffolds, E1001(1k)/DCPD scaffolds, and chronOS treated with E1001(1k)/β-TCP scaffolds that were augmented with 400 μg of rhBMP-2 had statistically significantly more bone area than E1001(1k)/β-TCP scaffolds or chronOS, but surprisingly, there was no statistically significant difference between E1001(1k)/DCPD scaffolds (no rhBMP-2) and E1001(1k)/β-TCP scaffolds that were augmented with 400 μg of rhBMP-2. Figure 6c shows that defects treated with E1001(1k)/DCPD scaffolds had significantly higher trabecular bone ingrowth relative to those treated with E1001(1k)/β-TCP and chronOS (85%, 20%, and 30%, respectively).
Discussion
In this study, we present a novel E1001(1k)/DCPD scaffold that may be the next-generation synthetic regenerative bone scaffold for the treatment of segmental bone defects. The E1001(1k)/DCPD treatment group achieved a superior osteogenic outcome in the goat calvarial CSD relative to chronOS, a commercial bone graft substitute, and the E1001(1k)/β-TCP group. An exceptional bridging of goat calvarial critical size defects was observed for E1001(1k)/DCPD scaffolds without ingrowth is an indication of the spatial pattern of bone ingrowth. Data are reported as the mean ± standard deviation for n = 6 or 7. The statistical analysis was done as described in the "Statistics" section. Asterisk (*) indicates a statistical significance difference with p < 0.05. Defects treated with E1001(1k)/DCPD scaffolds have a significantly higher % bone area compared with those treated with E1001(1k)/β-TCP scaffolds (p = 0.0066). There was no significant difference in % bone area in defects treated with either E1001(1k)/β-TCP scaffolds or chronOS. It is important to note that there is no significant difference in % bone area between defects treated with E1001(1k)/DCPD scaffolds and those treated with E1001(1k)/β-TCP scaffolds supplemented with 400 µg rhBMP-2. Defects treated with E1001(1k)/β-TCP scaffolds supplemented with 400 µg rhBMP-2 have significantly higher % bone area compared with those treated with E1001(1k)/β-TCP scaffolds (p = 0.0002) and chronOS (p = 0.0025). Defects treated with E1001(1k)/DCPD scaffolds have significantly higher linear trabecular bone ingrowth compared with those treated with E1001(1k)/β-TCP scaffolds (p < 0.0001) and chronOS (p < 0.0001). There was no significant difference in linear trabecular bone ingrowth in defects treated with either E1001(1k)/β-TCP scaffolds or chronOS. It is important to note that there is no significant difference in linear trabecular bone ingrowth between defects treated with E1001(1k)/ DCPD scaffolds and those treated with E1001(1k)/β-TCP scaffolds supplemented with 400 µg rhBMP-2. Defects treated with E1001(1k)/β-TCP scaffolds supplemented with 400 µg rhBMP-2 have significantly higher % linear trabecular bone ingrowth compared with those treated with E1001(1k)/β-TCP scaffolds (p < 0.0001) and chronOS (p < 0.0001) the addition of exogenous biological growth factors such as rhBMP-2.
After conducting a series of bone regeneration studies in the rabbit calvarial CSD model [9, 24, 26] , we selected the goat calvarial model as a clinically relevant large animal model. Goats have metabolic and bone remodeling rates similar to those of humans [27] [28] [29] . Goats also have a body weight comparable with humans and a body size suitable for the implantation of large human-sized implants [29] . Therefore, the results obtained from the calvarial CSD goat model can be used to predict the likely outcomes for the treatment of human patients. However, because of the high cost of using large animal models, these studies are rare. A recently published paper, using the goat calvarial CSD model for the evaluation of a bone regeneration scaffold [30] , showed that poly(lactideco-glycolide) (PLGA)/tricalcium phosphate (TCP) scaffolds prepared by low-temperature rapid prototyping failed to regenerate bone at 12 and 24 weeks without the addition of rhBMP-2. In addition, reviewing the existing bone regeneration studies using rats [31] , rabbits [9, 26] , goats [30, 32] , sheep [33] , and dogs [34, 35] , no bone scaffold has demonstrated the ability to completely bridge a critical size defect without the addition of osteogenic growth factors. Most of these studies showed minimal bone formation limited to the margin of the defect, similar to the results we observed for defects treated with E1001(1k)/β-TCP and chronOS.
The exact mechanism leading to the superior performance of E1001(1k)/DCPD scaffolds is not yet known, but based on a significant body of prior literature, we discuss several possible contributing factors. Although we did not quantify the amount of residual calcium phosphate minerals at the 16-week time point, the histological slides presented in Fig. 6 indicate the presence of significant amounts of residual β-TCP (black areas) and the absence of DCPD residues. This is consistent with the known, high dissolution rate of DCPD [15, 16, 36, 37] . It has been suggested that high concentrations of Ca 2+ ions released from CaP materials may mimic a bone resorption microenvironment, thus stimulating osteoblast proliferation and hMSCs differentiation by directly activating intracellular mechanisms through Ca-sensing receptors in osteoblastic cells, and encouraging bone mineralization and bone regeneration [38, 39] . For example, Barradas et al. reported that hMSCs cultured in vitro on β-TCP scaffolds expressed more osteogenic genes, including osteopontin (OP), osteocalcin (OC), bone sialoprotein (BSP), and BMP-2 than hMSCs cultured on HA scaffolds [40, 41] . Since these researchers designed the scaffolds to have the same 3D structure, they attributed their findings to the high solubility of β-TCP as compared with HA. A similar finding was observed in one of the prior in vitro study from our laboratory where hMSCs cultured on E1001(1k)/DCPD scaffolds expressed significant higher alkaline phosphatase (ALP) than hMSCs cultured on E1001(1k)/β-TCP scaffolds, likely due to the higher solubility of DCPD as compared with β-TCP [42] .
Other contributing factors may be the polymer chemistry and pore structure. A series of studies in vitro and in the rabbit calvarial CSD model demonstrated that E1001(1k) has a high degree of bone biocompatibility and osteoconductivity [9, 23, 26] . These studies also described the bimodal pore structure of E1001(1k) scaffolds. High scaffold porosity is expected to allow migration and proliferation of osteoprogenitor cells as well as in vivo vascularization [36] . The pore size range of 200-400 μm (Fig. 2a) is within the optimal pore size distribution for bone regeneration scaffolds [36] . In addition to macroporosity, the walls of the macropores are perforated with a substantial amount of micropores (< 20 μm). Studies have reported that the presence of micropores and high surface area of scaffolds benefit angiogenesis and osteoconduction by enhancing endogenous protein adsorption, nutrition, and osteogenic factors transportation, as well as to ion exchange and bone-like apatite formation by dissolution and precipitation [36, 43, 44] .
A third reason for the superior performance of E1001(1k)/ DCPD scaffolds may be related to the method of scaffold preparation. Most CaP-containing scaffolds are prepared as composites using mechanical mixing techniques, where the CaPs are embedded as fillers within the polymer matrix. This method of fabrication generally results in the formation of a polymer skin covering the inorganic particles, which may limit the contact of migrating cells with the osteoconductive surfaces of the CaPs [17, 19, 45] .
In our study, DCPD was precipitated onto pre-formed E1001(1k) scaffolds, which exposed all DCPD crystals at the surface and provided increased contact between the calcium phosphate mineral phase and cells as compared with E1001(1k)/β-TCP scaffolds and chronOS which were prepared as bulk composites. Unfortunately, it is not possible to deposit β-TCP onto the polymer surface, making it impossible to prepare β-TCP-containing scaffolds in the same way we prepared our DCPD-containing scaffolds. Therefore, a direct comparison between the effectiveness of DCPD and β-TCP as CaP additives cannot be made because each was incorporated into the E1001(1k) scaffold using a different fabrication process (coating vs. composite).
Finally, we note the relatively low dose of rhBMP-2 used in our study. Our previous work using the rabbit calvarial CSD model has shown that E1001(1k)/β-TCP scaffolds require a much lower dose of rhBMP-2 than used by other researchers [46] . Based on this observation, we selected 400 μg rhBMP-2 as the dose for the goat calvarial CSD. In contrast, Yu et al. used 1.0 mg with PLGA/TCP 3D scaffolds in the same goat CSD calvarial model [30] , and Sheehan et al. used 1.4 mg per defect site delivered with a collagen sponge in Rhesus monkey calvarial defects [47] .
Our study left a few questions unanswered. For example, additional studies are required to determine the lowest effective dose of rhBMP-2 required for E1001(1k)/DCPD scaffolds. Extending the study beyond 16 weeks would allow us to document the long-term outcomes of treating large defects with different E1001(1k)-based scaffolds. A future study could look at vascularization of the newly formed bone and bone turnover (remodeling) and quantify the mechanical properties of the regenerated bone and elaborate on the bone density in the regenerated defect as compared with the bone density of native calvaria.
Conclusions
In this study, we showed that E1001(1k)/DCPD scaffolds without rhBMP-2 augmentation are able to support significantly enhanced bone regeneration as compared with E1001(1k)/β-TCP scaffolds and the clinically used chronOS. These results are significant since they were obtained in a clinically predictive large animal model using critical size defects. We also showed that complete healing of critical size defects can be obtained by augmenting E1001(1k)/β-TCP scaffolds with a low dose of rhBMP-2. Histological images indicated that E1001(1k)/β-TCP scaffolds and chronOS regenerated bone only along the margins of the defect. In contrast, bridging across the defect was obtained with E1001(1k)/DCPD scaffolds. These results suggest that E1001(1k)/DCPD scaffolds are promising candidates for the development of next-generation synthetic bone void fillers for segmental bone defect repair.
